We investigated 29 natural populations of Cryptomeria japonica using 148 cleaved amplified polymorphic sequence markers to elucidate their genetic structure and identify candidate adaptive genes of this species. In accordance with the inferred evolutionary history of the species during and after the last glacial episode, the genetic diversity was higher in western populations than in northern populations. The results of phylogenetic and genetic structure analyses suggest that populations of the two main varieties of the species have clearly diverged from each other, and that two of the examined loci are strongly associated with the differentiation between the two varieties.
INTRODUCTION
Genetic structure has been studied in many plant species using several kinds of nuclear and organelle DNA markers. Analyses of the phylogeographical structure of various plant species based on organelle DNA polymorphisms have clearly illustrated the migration patterns of various species during the post-glacial recolonization of several continents (Petit et al. 2003) . Polymorphisms of organelle DNA markers are informative and useful for surveying the post-glacial recolonization of continents because they are neutral and have low mutation rates. However, to obtain a detailed understanding of the population genetic structure and genetic diversity of species, large numbers of loci in their nuclear genomes should be analyzed (Nei 1987) . Nevertheless, small numbers of loci have been examined in most studies of the population genetic structure of plant species, because of limitations in the numbers of markers (e.g. allozymes) that were available (Hamrick et al. 1992) . In order to identify key genes involved in adaptation to local environments or speciation it is also necessary to investigate genes in the nuclear genome because it contains most of the genes related to these processes. Evolutionary scientists interested in adaptation and speciation have attempted to identify genome regions or genes associated with these processes using several different methods (see the review by Vasemägi and Primmer 2005) , such as quantitative trait loci (QTL) 7 varieties have been detected in previous studies using genetic markers (Tomaru et al. 1994, Tsumura and Tomaru 1999) . We have already developed EST-based CAPS (cleaved amplified polymorphic sequence) markers for this species (Tsumura et al. 1997 , Iwata et al. 2000 , Nikaido et al. 2000 , and constructed a linkage map using them (Tani et al. 2003) .
In this study, we attempted to elucidate the genetic structure of this species, and to identify key genes associated with its genetic divergence and adaptation, in a genome-wide survey using CAPS markers that have been mapped on a linkage map of the species.
MATERIALS AND METHODS

Plant materials:
Fresh needle tissues were collected from 576 trees representing 29 natural populations. All trees sampled were in national forests that were candidates for in situ gene-conservation programs (Fig. 1, Table 1 ). The locations of the sampled populations covered most of the natural distribution of C. japonica. We collected small branches from individual trees spaced at least 50 m apart, to avoid sampling related individuals. In addition, since C. japonica has been widely planted since 1945 in Japan, we only sampled relatively large, old trees that were presumed to pre-date the widespread planting programs. All individuals were rescued by transferring cuttings to a cutting bed, and in the following spring the resulting seedlings were transplanted to a nursery. After sprouting, we collected shoots from each individual. Collected needle tissues were stored at -30 °C prior to DNA extraction.
Investigated loci:
Total DNA was extracted from all samples using the slightly modified CTAB method of Tsumura et al. (1995) . We adopted a genome-wide approach to detect the genetic diversity of, and differentiation between, populations of C. japonica, using 148 cleaved amplified polymorphic sequence (CAPS) markers based on cDNA sequences from C. japonica (Tsumura et al. 1997 , Iwata et al. 2001 (Supplementary data, Table S1 ). Most of these loci had already been mapped on a linkage map (Tani et al. 2003) . The markers were amplified by the method of Iwata et al. (2001) . The PCR products were digested with restriction enzymes specific for each CAPS marker (Supplementary data, Table S1 ) and their restriction patterns were checked by electrophoresis in 2% agarose gels followed by staining with ethidium bromide.
Inference of putative functions and copy numbers of CAPS loci: Sequences of CAPS loci in C. japonica were compared to known amino-acid sequences in the NCBI NR database using a BLASTX search with <10 -10 expected value (E-value) limits to infer their putative functions (Ujino-Ihara et al., 2005) . We also searched for tentative unique genes with significant similarity to infer the copy number of each gene in the nonredundant C. japonica, Pinus taeda, A. thaliana, and Oryza sativa cDNA databases using the method of Ujino-Ihara et al. (2005) .
Genetic diversity and differentiation between and within populations:
To evaluate the within-population variation, we used the following measures calculated from the allele frequencies of all loci analyzed: the proportion of polymorphic loci (Pl) at the 95% probability level, the average number of alleles per locus (N a ), unbiased heterozygosity (H e ), (Nei, 1978) , and allelic richness (R s ). Allelic richness was measured by the method of El Mousadik and Petit (1996) with a reference sample size of 11. The fixation indices, F IS = 1 -H e / H o , for polymorphic loci and their averages over all loci were determined to compare the observed genotype frequencies with expectations based on Hardy-Weinberg equilibrium (Wright, 1922 , Nei 1977 , Nei and Chesser 1983 . Deviations from such expectations were analyzed using Fisher's exact test. Total gene diversity (H T ) consists of the genetic variation within (H S ) and among
populations, were then calculated to determine how gene diversity was partitioned at each level, using the equation Nei 1973) . These analyses were done using the GDA (Lewis and Zaykin 2002) and FSTAT programs (Goudet 2000).
Genetic structure: Nei's unbiased genetic distances (Nei, 1972; Nei 1978) between all pairs of population were calculated. Dendrograms were also constructed by the neighbor-joining method (Saito and Nei 1987) and bootstrap values were calculated using PHYLIP (Felsenstein 1995) . To examine the genetic differentiation between two groups representing the two varieties C. japonica and C. japonica var. radicance, we performed a hierarchical analysis of molecular variance (AMOVA; Excoffier et al.
1992
) with the program Arlequin (Schneider et al. 1997) , in which the significance levels for variance components were tested through the use of permutations.
To detect population structure and infer the most appropriate number of subpopulations (K) for interpreting the data without prior information on the number of locations at which the populations were sampled, we used the Bayesian clustering approach proposed by Pritchard et al. (2000) . For this analysis, we carefully excluded all loci that appeared to have a dominant mode of inheritance or to not be in HWE, since their inclusion would complicate interpretation of the results. Consequently, we used 139 loci for this analysis. Ten independent runs of K = 1-10 were performed at 2× 6 MCMC (Marcov chain Monte Carlo) sampling after a burn-in period of 50000
iterations. The posterior probability was then calculated for each value of K using the estimated log-likelihood of K to choose the optimal K.
The "isolation by distance" pattern was assessed by comparing genetic distances to geographic distances between pairs of populations. The geographic distance between populations was measured as the shortest distance between them on the map. populations of the ura-sugi and omote-sugi varieties, respectively) to detect candidate species-and variety-specific non-neutral genes.
The coalescence simulation approach, developed by Vitalis et al (2001) , was also used to detect outlier loci in this species. Since this method involves pair-wise comparison, the populations considered in this analysis consisted of the individuals representing the ura-sugi and omote-sugi varieties, respectively. The expected joint distributions of F pop1 (all individuals representing the ura-sugi variety) and F pop2 (all individuals representing the omote-sugi variety) were generated by performing 500,000 coalescent simulations using DETSEL v. 1.0 software (Vitalis et al. 2003) . The following nuisance parameters were used to generate null distributions with similar numbers of allelic stages as in the observed data set; mutation rates (infinite allele model) 1×10 -3 , 1×10 -4 , 1×10 -5 and 1×10 -6 ; ancestor population sizes 1,000, 10,000 and 100,000; times since an assumed bottleneck event 100, 1,000 and 10,000
generations; population size before the split 50 and 500.
RESULTS
Characterization of CAPS markers:
Three-quarters of our CAPS markers were probably based on low-copy-number genes, but a quarter of the loci were highly Thus, almost all of the populations had a slight, non-significant excess of heterozyous.
The overall genetic differentiation among populations at the 148 loci was low (G ST = 0.0500), but the G ST -value varied among loci, ranging from 0.000 at locus CC0973 to 0.336 at locus CC0539 (Fig. 2) . The G ST values for eleven loci were > 0.100, and the allele frequency of two of these loci, CC0539 and CC1176, clearly differed between the groups representing the two varieties. Ten of the 148 loci (CD1761, CC1127, CC0462, CC0719, CC3393, CC1774, CC0539, CC1176, CC1798 and CD1111) are likely to reflect a genetic differentiation related to the geographic location of each population.
Genetic structure: We constructed a phylogenetic tree for the natural populations of C.
japonica using the neighbor-joining method ( We also conducted an AMOVA to determine the variation within and among groups (the two varieties) and populations, and to test the significance of the among-population variation ( Table 2 ). The variation among populations was 0.0595 and was highly significant (P < 0.001), while the proportions of variance among groups and among populations within groups were 2.08 and 3.87%, respectively.
Bayesian clustering of the information from the 139 loci demonstrated that only the model with K = 8 explained the data satisfactorily (this simulation had the highest log-likelihood value). This finding suggests that the most probable number of populations was eight based on our data for 582 individuals from 29 populations.
Populations within the Tohoku district had relatively high frequencies of groups 1 and 2
(colored pink and yellow, respectively, in We also investigated the association between the pairwise F ST -values and the geographical distances between populations, which represents the magnitude of isolation by distance, IBD (Fig. 5 ). The association was highly significant (r = 0.481, Mantel test, P < 0.001); thus, isolation by distance was clearly a feature of the genetic structure of this species.
Outlier loci: We used the overall mean F ST -value (0.06258) over 139 loci to construct the expected distribution of F ST in an infinite-allele model based on an island demographic model in Fdist. Seven loci were identified as outliers, five of which (CC0539, CC0300, CC0924, CC1784 and CC1176; Two genes, CC0539 and CC1784, were detected as outlier genes with values exceeding the 99% CI limits within ura-sugi populations, and four such genes (CC0539, CC0300, CC0924 and CC1784) were detected within omote-sugi populations. The two genes that were detected as outliers within ura-sugi populations were also detected as outliers within omote-sugi populations, and only one (CC1176, which was detected as an outlier when including all populations in the analysis) was not detected within populations of each variety as an outlier.
The coalescent simulation, which was based on a population split model (Vitalis et al. 2003) , identified 13 loci as outliers (P<0.01) in a comparison of the populations representing the two varieties, four of which were also identified by the Fdist test (Table 3) .
DISCUSSION
Cleaved amplified polymorphic sequence markers: The CAPS markers were developed using sequence data from cDNA clones, and we were able to infer the putative functions of two-thirds of the genes using existing DNA databases. Therefore, when we find loci that appear to be associated with adaptation to local conditions and/or differentiation, we should be able to infer their function and to assess their role in these processes. Most of the markers also show codominant inheritance in C. japonica, and the copy number of each locus is not related to its inheritance mode. The average G ST might have been underestimated when we included loci with a dominant inheritance mode, but excluding these loci from calculations of the population genetic parameters had little effect on the resulting genetic structure of this species.
Genetic diversity in CAPS markers between populations:
According to our data, 10 of the 148 loci are likely to exhibit a genetic differentiation related to the geographic location of each population, seven of which were identified as outlier loci, although no such tendencies have been found in previous studies using allozyme and CAPS markers (Tomaru et al. 1994 Tsumura and Tomaru 1999) . Populations located in western parts of Japan tended to have higher genetic diversity at these ten loci than populations in northern Japan. These results probably strongly reflect the historical distribution of C.
japonica populations and their migration from the west to the northeast during the most recent postglacial period. According to fossil pollen data (Tsukada 1983 (Tsukada , 1988 , the refugial areas of this species in the last glacial period (ca. 18000 years ago) were located in the Izu peninsular, along the Wakasa Bay to Oki Island, Yakushima Island and (probably) the southern Kii peninsula and Shikoku Island (Fig. 1) . Most of these refugia were in western parts of Japan, in accordance with both our data and the results of a previous microsatellite-marker based population study (Takahashi et al 2005) . The populations in the refugia of the last glacial period still show higher than average genetic diversity. Meanwhile the more remote northern populations, such as the JS-03 (no. 3) and JS-06 (no. 6) populations, and others located at high elevations or more marginal areas such as peninsulas, showed lower genetic diversity. A previous population analysis using microsatellite markers showed similar results, especially in the frequencies of rare alleles (Takahashi et al. 2005) . These northern populations are thought to have established about 6000 years ago by migration from refugial areas, based on inferences from fossil pollen data (Tsukada 1986). Therefore, the genetic diversity of the most northern marginal forests has probably been reduced by bottleneck effects. However, a few populations in northern areas have relatively high genetic diversity compared to the other northern populations, suggesting that small populations may have remained in the northern area even in the last glacial period (Takahara 1998).
The variation among populations was 0.0595 (while the variation among groups and among populations within groups was 2.08 and 3.87%, respectively); very similar to the level found in previous studies (G ST =0.060; Tomaru et al. 1994 Tsumura and Tomaru 1999) and to values reported for other conifers with similar ecological characteristics (Hamrick et al. 1992) . These values imply that the two variety groups might have exchanged genes more frequently than populations within them because some populations belonging to the different varieties, such as populations in the Kinki district (the JS-13 (no. 17) population of the ura-sugi variety, and the PO-05 and PO-06
(nos. 19 and 20) populations of the omote-sugi variety) are geographically very close to each other (Fig. 1) .
Genetic structure of natural populations of C. japonica: The JS-15 (no. 21), JS-10 (no. 11) and populations, which had phylogenetic locations that were not consistent with their geographical locations. These deviations may reflect the effects of small refugial areas in the last glacial period, migration routes in the post-glacial age, random genetic drift and/or human activities. Our Bayesian analysis of the genetic structure defined eight groups. Populations (nos. 1-9) in the Tohoku district on the Japan Sea side, which contain many individuals with genotypes belonging to pink and yellow groups (Fig. 4) Isolation by distance (IBD) was demonstrated in the C. japonica populations, especially among geographically close populations, but the IBD appears to be weaker in this species than in C. obtusa (Tsumura et al. in press). The genetic isolation of the Yakushima populations from the others contributed strongly to the IBD, but significant IBD was still detected when Yakushima populations were excluded. These findings suggest that natural populations of C. japonica still retain genetic structure in Japan, and this structure can be seen in the phylogenetic tree that we created (Fig. 3 ). (Fig. 6 ). When we examined the status of outlier loci within groups representing the two varieties, only one (CC1176, which was found in all populations) was not detected within populations of each variety as an outlier. This gene might be important in adaptation to different environments for the two varieties, since snow falls abundantly on the Japan Sea but the Pacific Ocean side is quite dry in the winter. The ura-sugi variety on the Japan Sea side has short needles with narrow angles, which are thought to have selective advantages in areas with heavy snowfall in the winter. Two outlier genes, CC0539 and CC1784, were detected in both groups, so these genes are candidate genes related to species adaptation.
The Detsel test revealed a much higher number of outlier loci than the Fdist test, as found in a salmon study (Vasemägi et al. 2005 ). We identified 13 outlier loci in the Detsel test, and the overlap was only four of which were identified by the Fdist test, and two of these (CC539 and CC1176) deviated highly significant from neutral expectations (P<0.001, Table 3 ).
The test to detect outlier loci that deviate from neutral expectations is not able to identify false positives (type I errors). Thus, we conducted Fdist and Detsel tests, setting a 99 % P level criterion for the identification of genes under selective pressure, at which the expected number of false positive loci is 139 × 0.01 = 1.39. We still found 7 and 13 outlier loci in these Fdist and Detsel tests, respectively, indicating that some, at least, of the outlier loci are unlikely to be false positives (due to type I errors).
However, only four loci were detected in both tests; the other 12 loci were identified by one, but not the other, neutrality test, suggesting that the status of these 16 loci as genes under selective pressure must be regarded with considerable caution (Vasemägi et al. 2005 ). However, the four loci identified by both tests are good candidate loci, especially two for which the results were highly significant (P<0.001). Putative functions can generally be identified for about two-thirds of the genes analyzed in BLAST searches (Ujino-Ihara et al. 2000 , 2005 . We identified possible functions for only half of the 16 candidate genes, suggesting that these candidate genes for adaptation may be conifer-or C. japonica-specific. Whether or not this is the case, these genes are candidate non-neutral genes and may have specific roles in local adaptation or differentiation in this species. To obtain clear evidence for the adaptive value of these genes, we must analyze nucleotide variations in them between populations located in contrasting environments.
Implications of the results for genetic resources of C. japonica: We detected several
candidate genes for adaptation of this species and/or populations in this study. These genes are likely to be important not only for conservation of the species, but also in efforts to develop seedling transfer guidelines. Two of these genes, CC1176 and CC0539, are probably associated with the differentiation between populations of the two varieties. Populations of the ura-sugi variety were mostly homozygous at these loci, implying that they may confer a selective advantage in this variety. We need further information regarding the divergence of the two varieties, such as sequence variation data and gene expression data, but these loci must be considered in attempts to conserve the two varieties. The results of the phylogenetic and STRUCTURE analyses are also consistent with the divergence of the two varieties. However, plantations of this species account for ca. 45 % of the total 10 million ha of artificial plantations in Japan because of its importance in Japanese forestry. This means that pollen from the artificial forests will increasingly enter the natural forests and consequently affect the seedlings produced by natural regeneration. Thus, gene flow from the artificial forests will greatly modify the genetic structure of the natural populations, even in cases where the clones have been selected from the same region as the natural populations; even in a best case scenario the genetic diversity will be decreased because the limited number of clones in the seed orchards represents a strong bottleneck for future generations.
Conservation of natural C. japonica forests is currently an important issue, and these forests must be protected from pollen contamination. isolation by distance, was tested using the Mantel test (r = 0.481, P < 0.001). (1996) . 
